CRAWSHAW, LARRY I. Effect of rapid temperature change on mean body temperature and gill ventilation in carp. Am. J. Physiol. 23 l(3): 837-84 1. 1976. -Carp were transferred from 25°C water to a calorimeter at 15OC or from 15°C water to a calorimeter at 25°C. During cooling, dorsal muscle temperature (Tdm) and mean body temperature (T,) were continuously monitored. During the first minutes T1) changed rapidly, while T,, changed only slightly. In a 0.468-kg fish, TJIr, decreased to two-thirds of the final value in 8.05 min, while Tt, attained this value in 3.6 min. Tdr,, changed faster during heating than during cooling. Carp were also placed in a device where gill ventilation (VG) ceuld be continuously monitored while rapid shifts in the temperature of the inspired water (Tinsp) and/or body surface (Ths) were effected. Changing Tinqp and T1,, both effected rate-sensitive changes in VG, although'Tinsl, was more effective. Decreases in Tinsp or T1,, produced decreases in VG; increases in Tinsp or Ths had an opposite effect. The fish respiratory system is sensitive to the rate of change of external temperature.
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This sensitivity provides evidence for the existence of peripheral thermal input to the systems regulating respiration in teleost fish.
fish; respiration; temperature regulation; peripheral temperature CHANGESINTHE BODYTEMPERATURE offisharefollowed by alterations in gill ventilation (VG) and cardiac output in order to meet altered oxygen requirements. These alterations are thought to be mediated by an effect on blood oxygen levels produced by changes in the metabolic rate of the entire animal (6, 15) .
Evidence of an effect of anterior brainstem temperature on VG has been interpreted as an anticipatory respiratory response in preparation for conditions caused by changes in body temperature (2). To be maximally effective such a system should also incorporate peripheral thermal inputs. To evaluate such an input the rate at which mean body temperature (TJ changes following a rapid shift in ambient water temperature (T,) must be understood. This was accomplished in the first portion of this paper. Then, changes in VG following rapid shifts in T, can be compared with what would be predicted by a thermal effect on the metabolic rate of body tissue. This comparison forms the second portion of this paper.
METHODS
These studies were performed on unanesthetized carp (Cyprinus carpio) weighing between 0.468 and 0.850 kg. The carp were kept at room temperature between experimental sessions. Surgery was performed under MS-222 (Tricaine) anesthesia. MS-222 was also used to place the fish in the VG apparatus, after which at least 1 h was allowed for recovery.
At least 1 day before the experiments a polyethylene reentrant tube was implanted into the dorsal muscle of the fish so that the tip was just superior to the rib cage. In two fish a thermocouple was also implanted into the brain at the level of the diencephalon. This thermocouple passed through the center of a 1.2-mm-diam glass rod and extended 1.5 mm past the tip. The glass rod was attached to the skull with Vitallium screws and dental acrylic. In an experimental session, a thermocouple was placed in the reentrant tube and secured. Fish with brain thermocouples also received a polyethylene-covered thermocouple which was inserted 6 cm proximal to the vent to monitor intestine temperature (Tin>.
The first series of experiments utilized a rectangular calorimeter (internal dimensions = 8.5 cm wide x 46 cm long x 18 cm high) constructed of 5-cm-thick expanded polyurethane foam. The calorimeter was well stirred, and its temperature monitored by a 36-gauge thermocouple. Before each experiment 4,000 ml of water were placed in the calorimeter, which was then cooled below 15°C. The rate of upward drift in the calorimeter was monitored for about 20 min, after which the fish was transferred from a 25°C constant-temperature bath to the calorimeter. The fish was left in the calorimeter until dorsal muscle temperature (Tdm) was within O.l"C of the calorimeter temperature. The fish was then removed and the rate of upward drift of calorimeter temperature again monitored for 20 min. The correction factor for drift was taken as the mean of the rates of calorimeter increase before and after placement of the fish in the calorimeter. Experiments where the fish heated were similarly conducted, except the fish was transferred from a constant-temperature bath at 15°C to the calorimeter at 25°C. Preliminary calibrations were made on a 500-g rectangular paraffin block. When transferred from a constant-temperature (25°C) bath to the calorimeter (15"C), the center of the block came to within O.l"C of the calorimeter temperature in 35-40 min. The heat gained by the calorimeter at this time (specific heat of water x increase in calorimeter temperature x calorimeter volume) was l-10% below that predicted by calculating the heat lost from the paraffin block (specific heat of paraffin x temperature decrease of paraffin block x weight of paraffin block). The low values are partly due to heat lost during transfer from the constant-temperature bath to the calorimeter. Since the fish came to equilibrium with the calorimeter temperature more rapidly (~28 min), and contained considerably more heat than the paraffin block, the accuracy of the calorimeter was well within 10%. The paraffin block heated and cooled at a similar rate.
Mean body temperature was calculated from the calorimeter temperature by relating the proportion of total calorimeter change to the total temperature change undergone by the fish when the fish came to within O.l"C of the calorimeter temperature. For example, if at thermal equilibrium the temperature of the fish decreasedd by 8.7"C, and the calorimeter had increased by 1.3", then Tb when the calorimeter had increased by 05°C was (2). Expired water flowed into a vessel whose weight, as monitored by a strain gauge, was continuously recorded. The vessel was emptied every 10.0 s, and then for each interval reported as ml l min-' . kg-l.
Two separate systems were used to control Tinsp and Tbs. In each system glycol was pumped from a constanttemperature bath, through the VG heat exchangers, and back into the bath. A four-way valve was placed in the circuit so that inlet and outlet tubes could be bypassed while being transferred from one temperature source to another.
In early experiments this transfer was accomplished by turning the pump off. noticed, however, that abrupt changes in liquid flow through the heat exchangers always caused decreases in VG. TO change Tins* or Tbs with the required rapidity, it was necessary to flow briefly very hot (50°C) or very cold (-SOC) glycol through the heat exchangers. When the appropriate temperature was almost reached, the inlet and outlet tubes were then transferred to a constant-temperature bath at the desired temperature. The fish did not touch the heat exchangers, and both the inspiratory water, and the water surrounding the fish were well mixed. In these experiments the following temperatures were monitored:
1) preinspiratory water (Tinsp), 2) water just dorsal to the body of the fish, 3) water just inferior to the body of the fish, and 4) dorsal muscle temperature (Tdm). The water inside the VG device was gently stirred to prevent thermal stratification. Since the temperatures recorded at sites 2 and 3 usually differed by <l"C, their mean is reported and is referred to as the body surface temperature (T,,, 3. During the first minutes, T, decreases very rapidly, while Tdm changes only slightly. The rate of increase in Tdm following placement of a 15°C fish into the calorimeter at 25°C was measured for two fish. Both fish heated faster than they cooled. The time taken to reach 0.66 of the final value was 7.06 * 0.22 min (mean t SEM) for heating and 8.05 t 0.18 min for cooling (0.468kg carp). For the 0.621-kg carp the values for heating and cooling were 9.02 t 0.34 and 10.32 t 0.30 min. Both differences were statistically significant: 0.468.kg carp (t = 3.51; df = 8; P -C 0.01); 0.621-kg carp (t = 2.6; df = 15; P < 0.05). Figure 4 shows changes in VG following rapid shifts in Tinsp. Often, VG appeared quite sensitive to the rate of change of Tinspy as in the left portion of the record. Sometimes, VG appeared to follow Ti,,p, as in the right portion of the record. The latency of response was lo-15 s, precluding any effects due to changes in brain or deep body temperature.
Changes VG also resulted from shifts in Tbs, although the effect was smaller than for similar shifts in Tiljsp. Figures 5 and 6 show the averaged changes in VG for repeated increases and decreases in Tinsr, and Tbs in one fish. The individual trials were adjusted so that VG was at the same absolute level 10.0 s before the temperature was shifted. Each point represents the mean of 8-10 trials, and the vertical lines depict every third standard error of the mean. Note that similar or greater changes in VG are attained with lesser increases in Tinsp than T,,. Other carp were somewhat less sensitive' to changes in Ths than the fish depicted in Figs. 5 and 6.
In Fig. 7 , the aerating system was turned off so that the amount of oxygen would stay constant.
Changes in In one set of experiments, Tinsp and Tbs were kept 6OC apart for 45 min in a 0.557-kg carp. Under these conditions, Tbr, Tthn, and Tin attained stable values which reflected the proportion by which each was affected by T insp and T,,. The proportion by which each internal temperature was determined by Tin,p was as follows: T,, 0.68; T,, 0.50; Tin 0.30. If these 'temperatures are each given an equal weighting, then 49% of the deep body temperature was determined by Tinsp and 51% by have noticed transient increases and/or decreases in 0, uptake or breathing rate in fish following rapid temperature changes (9, 14). Prosser (11) has termed such responses "shock reactions"
and has noted that the direction of change is not consistent across species. Such reactions occur over time scales of minutes as well as hours, and may be due to several mechanisms.
In the carp (C. carpio), Meuwis and Heuts (9) found that in the 12-h period following an increase in water temperature from 32 to 36"C, respiratory frequency doubled. There followed a decline until, 48 h later, the response was only 15% above the original level. Response adjustments on such a time scale are probably due to enzymatic adjustments which allow ectothermic animals to operate officiently at different body temperatures.
Less clear are the respiratory responses which occur seconds and minutes after a change of environmental temperature.
These responses can be affected by many things: disturbances linked to the thermal change, increased locomotor activity, and altered 0, needs following changes in T,. In the present study the fish were restrained, and very little disturbance occurred when the temperature was changed. During the first minutes following a temperature change, active enzymatic adjustments are probably less important than the Q10 effect of temperature on metabolic rate. It will be assumed that the best estimate of such an effect is Tb, which is a decreasing mately equal effectiveness in altering deep body temperature, Tinsp was more effective in altering VG. This is in agreement with a study on classical heart rate conditioning in skipjack tuna (Katsuwonus pelamis) (3). Temperature was used as the conditioned stimulus, and it was found that thermal stimuli were more effective when delivered to the oral-branchial cavity than when delivered to the anterior quadrant of the body surface.
Changes in anterior brainstem (1) and now peripheral temperature have been shown to affect ventilation; one hypothesis is that the output of these thermally sensitive regions is integrated in the anterior brainstem and supplies a tonic input to the medullary neuronal networks regulating respiration. A system of this sort could anticipate the effect of temperature on metabolic rate, rather than delaying respiratory adjustment until thermally induced changes in the metabolic rate alter arterial PO, (PaO,) as is currently thought to occur (6, 15 
